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ABSTRACT 

T h i s  y e a r ' s  w o r k  has led  t o  improved c o n t r o l  of a l l  c e l l  
f a b r i c a t i o n  s t e p s ,  a l lowing c l o s e r  grouping of the cel ls  
shipped f o r  i r r a d i a t i o n .  B e t t e r  understanding w a s  gained of 
the effects on c e l l  p r o p e r t i e s  caused by the d i f f e r e n t  
methods of s i l i c o n  growth, and by the va r ious  l i t h ium 
d i f f u s i o n  schedules .  Continued e f f o r t s  w e r e  made t o  f i n d  the 
best way to in t roduce  l i t h ium i n t o  the c e l l s ,  by a method 
s u i t e d  t o  scaling-up. The  boron t r i c h l o r i d e  d i f f u s i o n  process 
appeared t o  affect  c e l l  p r o p e r t i e s  fa r  more than  previous ly  
expected. A l t e r n a t e  boron d i f f u s i o n  methods showed promise, 
i n  a l lowing better eva lua t ion  of t h e  var ious  s i l i c o n  c r y s t a l  
growth methods and a l s o  i n  enabl ing  new s t r u c t u r e s  t o  be 
made. 

Two new c e l l  s t r u c t u r e s  w e r e  made. One s t r u c t u r e  combined 
an oxygen-rich l a y e r  on oxygen-lean bulk s i l i c o n .  T h e  
oxygen l a y e r  should s t a b i l i z e  P N  j unc t ion  p r o p e r t i e s ,  w h i l e  
maintaining t h e  rap id  c e l l  recovery given by the oxygen-lean 
bulk.  The o t h e r  s t r u c t u r e  had l i t h ium introduced i n t o  the 
cel ls  through the boron d i f f u s i o n  l aye r  on the f r o n t  s u r f a c e .  

Details  of the cel ls  shipped are given. 
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1.0 In t roduc t ion  

The o b j e c t i v e  of t h i s  work is  t o  d 
e f f i c i e n c y  solar, c Is us ing  l i t h i  
improve ce l l  s 
environment i n  ce. T h e  m e t  
the f a b r i c a t i o n  processes  for l i t h ium solar cells ,  
t o  test their  p o t e n t i a l  for use  as power sources ,  
and t o  provide w e l l  con t ro l l ed  groups of cells  
w i t h  d e l i b e r a t e l y  introduced v a r i a t i o n s  fo r  
eva lua t ion  by var ious  i r r a d i a t i o n  groups. A first 
requirement i s  t o  understand the p r e - i r r a d i a t i o n  
p r o p e r t i e s  and then  t o  relate these p r o p e r t i e s  
w i t h  the p o s t - i r r a d i a t i o n  behavior .  

T h i s  r e p o r t  surveys the basic c e l l  f a b r i c a t i o n  
s t e p s ,  the in t roduc t ion  and d i s t r i b u t i o n  of 
l i t h ium i n  the cel ls ,  and the e f f e c t  of the l i t h ium 
and the s i l i c o n  p r o p e r t i e s  on ce l l  performance. 
Also described are some as soc ia t ed  t e s t s ,  the 
groups of cells shipped du r ing  the y e a r ,  and 
t r i a l s  of some d i f f e r e n t  c e l l  s t r u c t u r e s .  

2.0 B a s i c  C e l l  Fab r i ca t ion  Steps 

2 . 1  Surface F in ish :  T e s t s  have continued 
throughout the c o n t r a c t  t o  improve the f a b r i c a t i o n  
s t e p s .  M o s t  ce l ls  have been made w i t h  a l i g h t l y  
e tched ,  lapped f i n i s h  s l i c e ,  bu t  good cells w e r e  
also made f r o m  slices w i t h  a high o p t i c a l  f i n i s h .  

2 .2  Boron Diffusion:  The P+ l a y e r  i s  produced by 
boron d i f f u s i o n  and mostly boron t r i c h l o r i d e  gas has  
been used as the source.  T h i s  method is  convenient 
and has produced high q u a l i t y  cells .  However, there are 
s e v e r a l  consequences of t h i s  gaseous process  w h i c h  
restrict w o r k  i n  s o m e  of the ~ ~ 8 3 s  descr ibed  la ter .  

sequences are the removal of 4 t 
n by boron t r i c h l o r i d e  e t ch ing ,  

introduced i n t o  the s i$ i con  by the boron l a y e r ,  and 
the need for  a hybrid a n t i r e f l e c t i v e  c o a t i n g  because 
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the boron s k i n  l e f t  on the s i l i c o n  has d i f f e r e n t  
o p t i c a l  p r o p e r t i e s  from ord inary  h igh ly  doped P- 
s i l i c o n .  I n  p r a c t i c e ,  the c o a t i n g  procedure can 
be ad jus t ed  t o  al low c o l l e c t e d  c u r r e n t s  under AM0 
i l l umina t ion  as high as those measured i n  the best 
q u a l i t y  N/P cel ls .  The gas e t c h i n g  complicates 
work w h e r e  the P+/N c e l l  must con ta in  a t h i n  l a y e r  
t o  improve r a d i a t i o n  p r o p e r t i e s  (see 8.0 below). 
T h e  stresses d r a s t i c a l l y  inc rease  the d i s l o c a t i o n  
d e n s i t y  of the s i l i c o n  and prevent  f u l l  eva lua t ion  
of l o w  d i s l o c a t i o n  d e n s i t y  s i l i c o n .  These stresses 
may a l s o  affect  the behavior of l i t h ium d i f f u s e d  
i n t o  the s i l i c o n .  

Because of these disadvantages of the B C l 3  process  
a l t e r n a t i v e  boron d i f f u s i o n  methods w e r e  found 
w h i c h  can produce good q u a l i t y  cel ls  without  the 
above disadvantages.  More work i s  needed t o  
b u i l d  these methods i n t o  p o s s i b l e  production 
processes .  

2.3 O t h e r  Processes: I n  m o s t  c a s e s ,  the P N  
j unc t ion  produced f o r  l i t h ium cells i s  of good 
q u a l i t y .  The t i t an ium-s i lve r  c o n t a c t s  have gene ra l ly  
been adequate f o r  use  i n  the p resen t  program. T e s t s  
have been made on o t h e r  con tac t  metals, and of  
these aluminum has provided good ce l l s .  As expected, 
there w e r e  no d i f f i c u l t i e s  i n  making l i t h ium ce l l s  
a l l  or p a r t l y  s o l d e r  coated or  of l a r g e r  s i z e .  

3 . 0  In t roduc t ion  of Lithium i n t o  the S i l i c o n  

Severa l  methods have been s t u d i e d .  Some have 
shown promise i n  s o m e  a s p e c t s ,  bu t  more work i s  
needed t o  f i n d  the best o v e r a l l  method. The 
methods tr ied are as fol lows:  

1. Paint-on u s i n g  suspensions of l i t h i u m  m e t a l  
o r  compounds. 

2. Therma l  evaporat ion of l i t h i u m  m e t a l ,  either 
i n  high vacuum o r  a t  r e l a t i v e l y  h igh  i n e r t  gas 
p re s su res .  

3 .  Lithium Vapor t r a n s p o r t .  
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3 . 1  Suspensions: O i l  suspensions w e r e  used most. 
They are convenient and gave c o n s i s t e n t  c e l l s ,  
bu t  they have s e v e r a l  disadvantages.  These d i s -  
advantages include a tendency f o r  c l u s t e r s  of l i t h ium 
m e t a l  t o  form deep p i t s  by loca l i zed  a l l o y i n g ,  w i t h  
g r e a t  chance of breakage,and d i f f i c u l t y  i n  covering 
the whole back su r face  Of the s l ice .  F u l l  coverage 
could be obtained by d e p o s i t i n g  on a s l ice  l a r g e r  
than  the f i n a l  c e l l  and la ter  shaping, bu t  t h i s  
i s  not  as  convenient as c o r r e c t l y  shaping the 
s t a r t i n g  s l ice .  

A s o l u t i o n  of l i t h i u m  aluminum hydride i n  ether 
w a s  obtained f r o m  TRW and tested. T h i s  s o l u t i o n  
gave reduced su r face  damage, maintaining t h e  
su r face  f i n i s h  as it w a s  before  l i t h ium d i f f u s i o n .  
B e t t e r  coverage near  the edges w a s  obtained 
but  w a s  s t i l l  not complete. T h e  l i t h ium concen- 
tratien a t  the su r face  and i n  the ce l l  w a s  s l i g h t l y  
l o w e r  t han  tha t  obtained from the o i l  suspensions 
but  compensating changes i n  d i f f u s i o n  schedule can 
remedy t h i s .  

3.2 Evaporation: Vacuum evaporat ion has s e v e r a l  
t h e o r e t i c a l  advantages inc luding  a c l ean  source ,  
c lean  depos i t i on  cond i t ions ,  c o n t r o l  of the sl ice 
temperature du r ing  depos i t i on ,  f u l l  coverage on the 
exposed su r faces  and the p o s s i b i l i t y  of shadow 
masking. However, p r a c t i c a l  d i f f i c u l t i e s  w e r e  
found. Sample h e a t i n g  du r ing  evaporat ion caused 
loss of l i t h ium from the s i l i c o n ,  and t h i s  i n  
t u r n  led t o  a w i d e  spread i n  the electr ical  
characteristics of the ce l l s ,  even i f  the d i f f u s i o n  
w a s  performed o u t s i d e  the vacuum system i n  an 
i n e r t  atmosphere. Cover l a y e r s  evaporated 
over the l i t h ium d i d  not  reduce the loss  of 
l i th ium.  Late ly ,  improved evaporat ion boat design 
and procedures have given more c o n s i s t e n t  cel ls .  
The main remaining d e f e c t  i s  that l i t h ium vapor 
leaks  t o  the f r o n t  su r f ace  of the c e l l ,  either 
degrading the a n t i r e f l e c t i v e  c o a t i n g  or, i n  
extreme c a s e s ,  degrading the P+ l a y e r  o r  c o n t a c t s .  

A v a r i a n t  of evaporat ion used r e l a t i v e l y  h igh  vapor 
p re s su res  (50 micron Hg) of argon between the 
l i t h ium source and the samples. T h e  main defect 
w a s  uneven l i t h ium d i s t r i b u t i o n  from gas flow 
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p a t t e r n s ,  and no advantage w a s  found i n  t h i s  
method. 

For a l l  these depos i t i on  methods the carrier 
gas  used du r ing  d i f f u s i o n  a f f e c t e d  c e l l  
p r o p e r t i e s .  Although more i n e r t  gases  d i d  not 
give g r e a t e r  su r f ace  concent ra t ion  of l i t h ium,  
they  allowed more i n t e r a c t i o n  between the 
l i t h ium and the s i l i c o n  o f t e n  inc reas ing  the 
ce l l  breakage. 

3 . 3  Lithium Vapor Transport:  I n  t h i s ,  l i t h ium 
m e t a l  w a s  heated t o  above 700° C ,  and an argon 
s t r e a m  carried the vapor down a furnace tube  
over s i l i c o n  sl ices he ld  a t  the d i f f u s i o n  
temperature.  Seve ra l  p r a c t i c a l  d i f f i c u l t i e s  
r e s u l t e d .  Lithium vapor w a s  very r e a c t i v e ,  
n e c e s s i t a t i n g  g r e a t  c a r e  i n  the choice and 
coverage of the furnace l i n i n g ,  and t h e  gas 
flow p a t t e r n s  gave uneven l i t h ium coverage. 
The  l i t h ium vapor reac ted  w i t h  all su r faces  of 
the s i l i c o n ,  and t h i s  w a s  a disadvantage i f  
the attack degraded the f r o n t  su r f ace  components 
of the ce l l .  However, it w a s  a l s o  poss ib l e  w i t h  
t h i s  method t o  introduce l i t h ium i n t o  the c e l l  
through the f r o n t  su r f ace  P+ l a y e r  (see 8 . 3  below). 
T h e  vapor method i n  p r i n c i p l e  could provide 
c o n t r o l l a b l e  (and lower) su r face  concen t r a t ions .  

Paint-on methods have c o n s i s t e n t l y  produced 
c l o s e l y  c o n t r o l l e d  c e l l  c h a r a c t e r i s t i c s  f o r  a l l  
the ingo t s  used. T h e  l i t h i u m  aluminum hydride sus- 
pension avoids  s e v e r a l  of the f a u l t s  of the o i l  
suspensions and i s  undergoing m o r e  thorough 
eva lua t ion .  

Vacuum 3evapoxattiimm skiis% .shows ,prom&i.ge Sox l a r g e  
scale w s e .  

4.0 D i s t r i b u t i o n  of L i t h i u m  i n  C e l l s  

The amount and concent ra t ion  g rad ien t  of l i t h ium 
i n  the ce l l s  can affect  c e l l  p r o p e r t i e s  before  
and after i r r a d i a t i o n .  Before i r r a d i a t i o n  more 
l i t h ium near  the PN junc t ion  reduced s h o r t  c i r c u i t  
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c u r r e n t  and the series r e s i s t a n c e .  More l i t h ium 
near  the back su r face  increased o 

4.1 Tack-on: H e r e  t h e  d i f f u s i o n  c y c l e  i s  not  
s eve re ,  and a t h i n  l a y e r  of l i t h ium s e v e r a l  m i l s  
deep i s  formed. 

4 .2  Drive-In: The  d i f f u s i o n  cyc le  is  more 
seve re ,  and the l i t h ium source i s  maintained 
i n  con tac t  w i t h  the s i l i c o n .  A deep l aye r  
heavy w i t h  l i t h ium forms through m o s t  of the 
sl ice.  

4 . 3  Redis t r ibu t ion:  A f t e r  ei ther of t h e  above 
c y c l e s ,  the slices are cooled,  t h e  excess  l i t h i u m  
is  removed from the back su r face ,  and the s l ice  
r ece ives  another  d i f f u s i o n  cyc le .  

I f  r e d i s t r i b u t i o n  fol lows a tack-on c y c l e ,  the 
p r o f i l e  changes as shown i n  Figure 1. I f  
r e d i s t r i b u t i o n  fol lows a d r ive - in  c y c l e ,  the 
p r o f i l e  changes are as shown i n  Figure 2.  

Some r e d i s t r i b u t i o n  c y c l e s  produced f a i r l y  uniform 
concen t r a t ions ,  However ,  there w a s  gene ra l ly  
loss of l i t h ium near  each su r face  of  the sl ice.  
The measured concen t r a t ion  g rad ien t  near  the back 
s u r f a c e  appeared t o  be the r e s u l t  of ou t -d i f fus ion .  
The loss near  the PN junc t ion  may have been 
d i s s o l u t i o n  of l i t h ium i n  the d i f f u s e d  boron l a y e r .  
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t hus  conver t ing  m o s t  of the bulk N-sil icon t o  
l o w  r e s i s t i v i t y  (< 1 ohm - c m )  s i l i c o n .  

It has been found that  g r e a t e r  amounts of l i t h ium 
r the P N  junc t ion  

shown i n  Figures  1 and 2 .  V o c  va lues  w e r e  much 
less s e n s i t i v e  t o  these cyc le s .  

ns: D i f fus ion  a t  600° C 
low Isc. Red i s t r ibu t ion  

c y c l e s  increased Isc,  bu t  it w a s  s t i l l  low. 

Two groups of N-sil icon w e r e  given a tack-on 
and a d r ive - in  l i t h ium d i f f u s i o n  r e s p e c t i v e l y .  
They w e r e  t hen  taken  through the s tandard B C l 3  
d i f f u s i o n ,  t h i s  corresponding t o  a very severe  
r e d i s t r i b u t i o n  cyc le .  Measurements showed only 
the s t a r t i n g  background l e v e l  of donors,  and the 
cells made from these two groups showed that  the 
short c i r c u i t  c u r r e n t  of the ce l l  had not  been 
degraded a t  a l l  by the in t roduc t ion  and loss of 
l i t h ium.  C e l l s  w i t h  above 3 1  mW output  w e r e  
obtained.  

5.0 Inf luence  of S i l i c o n  C r y s t a l  G r o w t h  Method 

Three major methods of growing s i l i c o n  c r y s t a l s  
r e s u l t  i n  the p r o p e r t i e s  shown i n  Table I. 

TABLE I 

P r o p e r t i e s  of S i l i c o n  Grown by D i f f e r e n t  Methods 

Low-Medium 
. (104) I I 100 

I FZ 
I 1000 I High (>4x104) 

Oxygen 
Content 
(em-3) 

I Low 
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Lithium 
Dif fus ion  
Schedule 

425O-90 min 

$25O-90 (+60) 
min 

h25-90 (+120) 

50-48 min 

$50-40 (+BO) 

Severa l  s e p a r a t e  tests have shown that  i f  slices of 
the three growth v a r i a n t s  w e r e  given i d e n t i c a l  B e l 3  
d i f f u s i o n ,  a n t i r e f l e c t i v e  coa t ings  and l i t h ium 
d i f f u s i o n ,  there w a s  a c o n s i s t e n t  d i f f e r e n c e  i n  the 
I - V  p r o p e r t i e s  of the cells.  Generally the oxygen- 
l e a n  s i l i c o n  cells w e r e  s i m i l a r  b u t  a l l  d i f f e r e d  
f r o m  the oxygen-rich CG s i l i c o n .  Table 2 summarizes 
the d i f f e r e n c e s .  

TABLE 2 

Comparison of I - V  characteristics f o r  var ious  k inds  
of s i l i c o n  

(AMO, 140 mW/cm2, ce l l s  2 c m 2 )  

I___ 

xsc 
mA 

54.5 

59.5 

65 

55 

63.5 

__I 

Monex, Lopex 
o r  FZ S i l i c o n  

Tungstei 
only 

mA 

30 

34 

37 

2 8  

36 

Xenon 
only 

mA 

25 

2% 

28  

28 

29 

1450 
mA 

51 

55 

53 

50 

57 

II 

voc 
mV 

560 

555 

550 

560 

550 

Isc 
mA 

63 

65 

68 5 

63 

69 

_I 

CG S i l i c o n  

Tungsten 
only 

mA 

38 

40 

43 

37 

42.5 

Xenor 
o n l j  

mA 

25 

25 

27 

26 

26-5 

f45( 
mA 

57 * E  

60 

65 

59 

65 

voc 
mV 

590 

590 

585 

600 

580 
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Figure 5 compares the whole I -V curves, Figure 6 
the dark forward diode characteristics, and Figure 
7 the In Isc-Voc plots for various light levels, 
Voc did not va-)y much with diffusion cycle..wLthin 
each material type, and the difference between types 
was consistent. I depended more on the diffusion 
cycle, the differences becoming less pronounced 
for longer redistribution times. Measurement of the 
lithium concentration in the two groups of materials 
did not explain the differences. Generally CG silicon 
had more lithium through the cell for an equivalent 
cycle, and this should have decreased Iqce 
material comparisons are being repeated using different 
boron diffusion methods to ensure that the dislocation 
density of the cells is close to that in the starting 
silicon. 

sc 

These 

At present none of the obvious material differences 
provide a clear explanation of the observed differences 
in the cells. 

6 e 0 Associated Tests 

6.1 Etch Pits: After etching to develop etch pits, 
the surface to which the lithium was applied had a 
1' lumpy" appearance possibly caused by localized alloying. 
Often the etch pit density was lower where the lithium 
was, but it was possible that this was caused by a 
reduced preferential etch rate rather than by inter-. 
action of lithium and the dislocations. 

6.2 Breakinq Tests: Slices approximately 14 mils . th ick 
were center loaded until they broke. Although the 
breaking weights showed spread, possibly because of 
variable surface effects, three conclusions were possible: 

1. Lithium diffusion alone did not markedly decrease 
the strength, although it increased the spread. 

2. BC13 decreased the breaking weight. 

3 .  Lithium added to BCl3 diffused slices did not a l t e r  
the values obtained in 2. 

6 . 3  Oxyqen Concentration: Infrared absorption at 9 
microns was used to compare the oxygen content of various 
CG ingots, and also to search for a diffused oxygem layer 
in work described in Section 8.2 below, 
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Shipment 
-. 

C l  

C 2  

e3 

c 4  

6.4 ' T e s t  f o r  She l f  D r i f t :  Over a three month per iod ,  
tests on un i r r ad ia t ed  cells' showed t h a t  CG cells 
remained s t a b l e ,  a f e w  Lopex ce l l s  w e r e  a l s o  s teady,  
b u t  cells made from FZ s i l i c o n  degraded. 

FZ cells which had a dr ive- in  d i f f u s i o n  showed decreases  
of 6.5mA a t  Isc, 25mV a t  Voc, and 6.5mA a t  1450. 

For FZ cel ls  w i t h  a moderate r e d i s t r i b u t i o n  cyc le ,  I sc 
remained s t a b l e ,  V o c  f e l l . b y  15mV, and I decreased 
10.5mA. T h i s  l a t t e r  degradat ion may hav4e5f3een caused 
by changes i n  con tac t  r e s i s t ance .  

7.0 Cent ra lab  C e l l  Shipments 

To d a t e  seven shipments have been made and the e igh th  
is i n  p repa ra t ion .  Over 1200 slices w e r e  processed t o  
form these shipments, and each group was analyzed t o  
show the cumulative y i e l d  obtained. T h e  shipment 
d e t a i l s  a r e  given i n  Table 3 ,  and the y i e l d s  are 
shown i n  F igures  8, 9, and 10. 

TABLE 3 

D e t a i l s  of C e l l  Shipments 

N o .  of 
C e l l s  

60 

60 

30 

30 

12 

12 

12 

12 

12 
-_I_ 

S i  

CG 

CG 

FZ 

FZ 

4onex 

4onex 

Jlonex 

Jlonex 

donex 
--- 

R e s i s t i v i t y  

30 

10 

65 

65 

100 

100 

100 

100 

100 

Dopant 

As 

Sb 

P 

P 

P 

P 

P 

P 

P 
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L i  
D i f fus ion  

450-5 (+40) 

425-90 (+120) 

350-30 

425-5 

425-90 

425-90 (+60) 

425-90 (+120) 

450-40 

450-40 (+80) 

Avg 
7 

Isc 
m 

70.5 

69.5 

70 

71 

54 

59.5 

65 

55 

63.5 

AMO- I - V  va.  
_II_ 

I450 
mA 

_I_ 

67.5 

67.5 

57.5 

54.5 

50 

54 

53 

50 

56.5 

_I_ 

p450 
mW 

__.I_. 

30.5 

30.5 

27 

24.5 

22.5 

24.5 

24 

22.5 

25.5 
-1_1 

tes 
L_ voc 

fn' 

I__ 

60( 

5 94 

5 5( 

551 

561 

55 

55 

55 

55 - 



*li + 
ipment 

e 5  

C 6  

c 7  

C 8  

Isc No. of 
C e l l s  

30 

30 

30 

30 

40 

40 

40 

30 

10 

10 

5 

5 

10 

10 

5 

5 

S i  

CG 

CG 

FZ 

FZ 

CG 

CG 

CG 

FZ 

FZ 

Lopex 

FZ 

Lopex 

FZ 

CG 

FZ 

CG 

R e s i s t i v i t y  

30 

30 

90 

90 

3-16 

17-85 

16-57 

90 

100 

90 

LOO 

90 

100 

30 

100 

30 
I- 

- 

Dopant 

A s  

As 

P 

P 

Sb 

Sb 

P 

P 

P 

P 

P 

As 

P 

AS 
--- 

L i  
D i f fus ion  

450-40 

425-90 (+120) 

450-40 

425-90 (+120) 

425-90 (+120) 

425-90 (+120) 

425-90 (+12O) 

450-10 

400-120 min 3 
3 
3 
3 

400-120 min 

400-10 m i n  

400-120 min 

mA 

62 

69 

54 

62 

68 

68.5 

69 

62 

c I. . 
I450 

mA 

59 

64.5 

49 

49 

63 

63 

63 

55.5 

- -- m 

p450 
mW 
I 

26.5 

29 

22 

22 

28.5 

28.5 

28.5 

25 

Le s - -  voc 
mV 
- 
605 

585 

570 

540 

585 

585 

585 

550 

$02 - s k i n  

front and back surface 

back su r face  only 
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7 . 1  : C - 1  cel ls  w e r e  l i g h t l y  
doped w i t h  l i t h i u m  and d id  not  show good recovery.  C-2 
had moderate l i t h ium doping but  showed no recovery a t  
room temperatuze. To test i f  the use  of antimony as the 
s t a r t i n g  dopant w a s  the reason for  t h i s  lack of recovery,  
group C-6 w a s  fabricated. I f  antimony does not  prove t o  
be the reason,  other p o s s i b i l i t i e s  such as a higher 
oxygen con ten t  i n  the ingot  used f o r  C-2 w i l l  be explored. 

Groups C-3 and C-7 used short tack-on c y c l e s  t o  leave  
the a c t i v e  reg ion  of the ce l l  without  l i th ium.  These 
cells w e r e  then  subjec ted  t o  a sequence of i r r a d i a t i o n  
dosages and r e d i s t r i b u t i o n  c y c l e s  a t  250° C ,  w i t h  
monitoring of the ce l l  performahce. 
degrada t ion  and recovery processes  t o  be followed as 
l i t h i u m  w a s  p rogress ive ly  moved i n t o  the a c t i v e  reg ion .  

Group C-4 used Monex s i l i c o n  and a progress ive  sequence 
of l i t h ium d i s t r i b u t i o n s .  Their behavior under irradia- 
t i o n  by 0.7 MeV e l e c t r o n s  is shown i n  Figure 11, and can 
be summarized as follows: 

T h i s  enabled the 

1. For a l l  l i t h i u m  doping l e v e l s ,  the de r a d a t i o n  under 
f luences  of 1014, 5 x 1014, o r  3 x lo75 e l e c t r o n s /  
cm2 w a s  more severe  f o r  cells  w i t h  lower l i t h ium 
concent ra t ion  near  the PN j u n c t i o n ,  T h i s  d i f f e r e n c e  
i n  degrada t ion  may r e s u l t  f r o m  d i f f e r e n t  anneal ing 
rates before  the p o s t - i r r a d i a t i o n  measurements. 

2. T h e  degree of recovery of maximum power w a s  most 
complete as f o l l o w s :  

a .  f o r  l o w  f luence ,  for  cel ls  w i t h  l i g h t  l i t h ium 

b, for  medium f luence ,  fo r  cells  w i t h  medium l i t h ium 

c . for  high f h e n c e ,  for  cells w i t h  heavy l i t h ium 

doping. 

doping. 

doping. 

8.0 D i f f e r e n t  C e l l  S t r u c t u r e s  

Some s t r u c t u r e s  d i f f e r i n g  f r o m  the convent ional  l i t h ium 
cel l  are w o r t h  cons ide ra t ion ,  either t o  improve ce l l  

. -  11 - 



performance or  t o  h e l p  understand the c o n t r o l l i n g  
processes .  

8.1 P+N+N Conf isura t ion :  T h i s  s t r u c t u r e  has a 
l i t h i u m  cells w i t h  greater s 
ences.  The PN j u n c t i o n  
er boron d i f f u s i o n ,  and t h i s  
s p i t e  l a r g e  decreases  i n  l i t h  n 

near  the junc t ion .  Work cont inues  t o  improve the 
s t a r t i n g  performance of  cells  made w i t h  t h i s  s t r u c t u r e .  

8 . 2  : Oxygen-lean s i l i c o n  
gene ra l ly  g ives  l i t h ium cel ls  w i t h  the fastest recovery 
a f t e r  i r r a d i a t i o n ;  however, the same s i l i c o n  can a l l o w  
m o s t  i n s t a b i l i t y  after recovery,  Oxygen-rich s i l i c o n  
g ives  the oppos i te  behavior ,  namely slower recovery 
w i t h  good s t a b i l i t y .  Because the recovery processes  
depend on the s i l i c o n  p r o p e r t i e s  i n  the bulk of the 
c e l l ,  whereas i n s t a b i l i t y  depends m o r e  on the p r o p e r t i e s  
c l o s e  t o  the PN j u n c t i o n ,  a s t r u c t u r e  w i t h  a t h i n  
oxygen-rich l a y e r  a t  the f r o n t  su r f ace  of a c e l l  formed 
f r o m  oxygen-lean s i l i c o n  seems worthy of s tudy.  

The f a b r i c a t i o n  sequence is  shown i n  Figure 1 2 .  An 
oxygen-rich l a y e r  approximately 1 m i l  thick is  formed 
by d i f f u s i o n  i n  an ox id iz ing  atmosphere. A P+ l a y e r  
is  formed, p re fe rab ly  without  removal of any of the 
oxygen l a y e r .  Contacts  and c o a t i n g  are appl ied  t o  t h i s  
P+ l a y e r ,  and then  l i t h i u m  is  d i f f u s e d  i n  f r o m  the 
back s u r f a c e .  F i n a l l y  the back con tac t  is appl ied .  

Some cel ls  w i t h  t h i s  s t r u c t u r e  have a l r eady  been made 
and such cells w i l l  f o r m  h a l f  the eighth shipment. The 
most encouraging r e s u l t  t o  d a t e  has been the s u r p r i s i n g l y  
h igh  q u a l i t y  of the bulk s i l i c o n  a f te r  the severe  oxygen 
d i f f u s i o n  schedule .  C e l l s  w i t h  ou tput  as h igh  as 27mW 
have been obtained for  Lopex and CG s i l i c o n ,  u s ing  
moderate l i t h ium doping. 

of this  s t r u c t u r e ,  close t o  that  
.1 above, i s  also be ing  i n v e s t i g a t e d .  
n l a y e r  i s  formed and is  then  converted 
h l a y e r  by heat t rea tment  a t  4500 C .  

- 12 - 



I f  s u c c e s s f u l ,  these oxygen l a y e r  s t r u c t u r e s  should 
provide va luable  information on the defect- l i thium- 
oxygen i n t e r a c t i o n s  

8.3 Front Sur face  In t roduc t ion  of Lithium: The u sua l  
procedure,  in t roducing  l i t h i u m  from the back su r face  
of the ce l l ,  i s  convenient ,  bu t  has s o m e  disadvantages.  
F i r s t ,  a f a i r l y  severe  d i f f u s i o n  c y c l e  i s  needed t o  
b u i l d  up  s u f f i c i e n t  concent ra t ion  of l i t h i u m  i n  the 
a c t i v e  p a r t  of the ce l l  near the f r o n t  su r f ace  and 
o f t e n  a t t empt s  t o  i n c r e a s e  the concen t r a t ion  i n  t h i s  
reg ion  leaves  the rest of the body of the ce l l  w i t h  excess  
l i t h ium,  o r  w i t h  severe  concent ra t ion  g r a d i e n t s .  Second, 
t h e  i n d i f f u s i n g  l i t h ium f r o n t  has a g rad ien t  (of ten  
large) near  the P N  j u n c t i o n ,  and t h i s  may lead t o  uns tab le  
c e l l  behavior .  

A t  p r e sen t  no P+ formation methods have been found 
w h i c h  can produce good l i t h ium cells on s i l i c o n  
a l r eady  d i f f u s e d  w i t h  l i t h i u m  near  the f r o n t  su r f ace .  

D i f fus ion  of l i t h ium through an  a l r eady  formed Pf 
l a y e r  on the c e l l  f r o n t  can avoid some of the short- 
comings of the u s u a l  method, bu t  may i n  t u r n  lead t o  other 
problems. These new problems are t h a t i t  has proven 
d i f f i c u l t  t o  d i f f u s e  l i t h i u m  through the f r o n t  su r f ace  
w i t h  c o n t a c t s  and c o a t i n g  a l r eady  formed, and i f  the 
c o n t a c t s  and c o a t i n g  are appl ied  after l i t h ium d i f f u s i o n ,  
the range of con tac t  f i r i n g  t rea tments  is  l imi t ed .  
A l s o ,  should the l i t h i u m  bu i ld  up concent ra t ion  i n  
s m a l l  areas, it is  p o s s i b l e  t o  degrade t h e  PN junc t ion  
s e r i o u s l y .  

Despi te  the d i f f i c u l t i e s ,  some ce l l s  have been made 
by d i f f u s i n g  l i t h i u m  through the f r o n t  s u r f a c e ,  and 
s o m e  cel ls  of f a i r  q u a l i t y  have r e s u l t e d .  Using a short 
c y c l e  of 400° C for  10 minutes,  m a r e  than  fOlg l i t h ium 
atoms pe r  cm3 can be provided throughout the ce l l ,  and the 
fo l lowing  I -V va lues  w e r e  obtained: Isc “60 mA, Voc -590 
mV, 1450 -56 mA corresponding t o  P450= 25 mW. 

Measurements show thereis s t i l l  a slump $n t h e  measured 
l i t h i u m  i n  the f i r s t  f e w  m i l s  of the ce l l  (see Figure 
1 3 ) .  However, t h e  l i t h i u m  d i s t r i b u t i o n  i s  s u f f i c i e n t l y  
d i f f e r e n t  t o  warrant  some i r r a d i a t i o n  tests on cells  
of t h i s  s t r u c t u r e .  

- 13 - 



9.0 

I f  success fu l ,  t h i s  s t r u c t u r e  could be e f f e c t i v e  f o r  
h igh  f luences .  H a l f  the e i g h t h  shipment included 
these f r o n t  su r f ace  in t roduc t ion  cells .  

Front su r face  in t roduc t ion  of l i t h ium can be combined 
w i t h  the va r ious  boron d i f f u s i o n  methods o r  w i t h  the 
s t r u c t u r e s  described i n  8.1 o r  8 .2 .  

8.4 Par t ia l  Compensation of P-Silicon: More a t tempts  
w e r e  m a d e  t o  c o n t r o l l a b l y  dope low r e s i s t i v i t y  P- 
s i l i c o n  t o  around 10 ohm-cm by l i t h ium d i f f u s i o n .  
Success depends on g e t t i n g  lower and c o n t r o l l a b l e  
l i t h ium concent ra t ion ,  w i t h  low g rad ien t  throughout 
the P-s i l icon .  Now more c o n t r o l  exists on l i t h ium 
in t roduc t ion  methods, t h i s  s t r u c t u r e  is worth t r y i n g  
again.  

Conclusions 

T h i s  y e a r ' s  work has seen consol ida t ion  and improvement 
of f a b r i c a t i o n  processes  w i t h  more f l e x i b i l i t y ,  a l lowing 
a w i d e r  range of s t r u c t u r e s  t o  be tested. More under- 
s tanding  and c o n t r o l  of the l i t h ium d i s t r i b u t i o n  i n  cel ls  
has been achieved. More emphasis w a s  directed toward 
crucible grown s i l i c o n ,  because previous work ind ica ted  
that  f o r  real-time space condi t ions  on many missions,  . 
the slower rate of recovery could be t o l e r a t e d  i n  order  
t o  ga in  the advantage of g r e a t e r  i n i t i a l  output  and 
genera l  s t a b i l i t y .  Closer examination of r e s u l t s  on 
c r u c i b l e  grown s i l i c o n  ingo t s  shows that there is s t i l l  
need f o r  c l o s e r  c o n t r o l  of the p r o p e r t i e s  of these 
ingo t s .  

Crucible  grown s i l i c o n  cells  w i t h  l i t h ium recover 
very w e l l  w i t h  only s l i g h t l y  accelerated anneal ing (80°- 
looo C )  and t h u s  show good promise now f o r  missions 
w h e r e  t h i s  forced anneal ing can be provided. 

Oxygen-lean s i l i c o n  s t i l l  has advantages i n  fast  recovery 
a t  room tempe u r e ,  bu t  seems t o  s u f f e r  from poss ib l e  
i n s t a b i l i t y .  However, more s tudy is  needed because 
understanding of the d e f i c i e n c i e s  i n  this  material can 
be gained more quick ly  on the shortened t i m e  scale, 
and complete the o v e r a l l  p i c t u r e  of l i t h ium cells.  Some 
of the more complex s t r u c t u r e s  are of h e l p  i n  understanding, 
bu t  the goal  now is t o  t r y  and develop the "conventional" 
l i t h ium ce l l  i n t o  a useable  space component. 

- 14 - 



10 .O Recommendations for  Future Work 

T h e  s e c t i o n  above has l i s t e d  the promise of f u r t h e r  
improvements i n  l i t h ium doped s o l a r  cells .  The  main 
f e a t u r e s  r e q u i r i n g  a t t e n t i o n  are: 

10.1 Closer  c o n t r o l  of the p r o p e r t i e s  of crucible-grown 
s i l i c o n  w h i c h  a f f e c t  c e l l  performance. 

10.2 Evaluat ion of a wider range of boron d i f f u s i o n  methods, 
i n  p a r t i c u l a r  t o  check i f  the d i f f e r e n c e s  i n  cells  made 
f r o m  oxygen-lean s i l i c o n  are caused by real material 
d i f f e r e n c e s  or by i n t e r a c t i o n  of the f a b r i c a t i o n  s t e p s .  

10.3 Continued study of l i t h ium in t roduc t ion  methods t o  
improve cons is tency .  

10.4 Continued improvement i n  c e l l  cons is tency ,  and examina- 
t i o n  of methods best s u i t e d  t o  sealed-up production. 

10.5 Fabr i ca t ion  of s p e c i f i e d  cel ls  f o r  use  i n  the a s soc ia t ed  
r a d i a t i o n  test programs. Inc lus ion  of rea l i s t ic  f l i g h t  
tests. 

10.6 U s e  of g r e a t e r  c o n t r o l  and f l e x i b i l i t y  i n  processing 
cel ls  t o  provide novel s t r u c t u r e s  t o  e l u c i d a t e  the 
mechanism underlying ce l l  behavior .  

11.0 New Technoloqy 

M o s t  of the w o r k  descr ibed  t h i s  year  can be considered as 
a p p l i c a t i o n  or combination of p r i o r  technology. However, 
the t w o  s t r u c t u r e s  descr ibed i n  Sec t ions  8 . 2  and 8 . 3  
can perhaps be c l a s s i f i e d  a s  New Technology. D e t a i l s  have 
been f i l e d  s e p a r a t e l y  w i t h  JPL.  
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Figure J L i t h i u m  coriccnt ration prof i les  following 
r e d i s t r i b u t i o n  of a tack,-on diffusion. 
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Figure 2 Lithium conccntration prof i les  following 
redis t r ibut ion of a drive-in diffusion. 
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